Purpose: The present investigation examined the physiological and performance effects of lower-body compression garments (LBCG) during a one-hour cycling timetrial in well-trained cyclists. Methods: Twelve well-trained male cyclists ([mean ± SD] age: 20.5 ± 3.6 years; height: 177.5 ± 4.9 cm; body mass: 70.5 ± 7.5 kg; V O2max : 55.2 ± 6.8 mL·kg −1 ·min −1 ) volunteered for the study. Each subject completed two randomly ordered stepwise incremental tests and two randomly ordered one-hour time trials (1HTT) wearing either full-length SportSkins Classic LBCG or underwear briefs (control). Blood lactate concentration ([BLa − ]), heart rate (HR), oxygen consumption (V O2 ) and muscle oxygenation (mOxy) were recorded throughout each test. Indicators of cycling endurance performance were anaerobic threshold (AnT) and V O2max values from the incremental test, and mean power (W), peak power (W), and total work (kJ) from the 1HTT. Magnitude-based inferences were used to determine if LBCG demonstrated any performance and/or physiological benefits. Results: A likely practically significant increase (86%:12%:2%;  2 = 0.6) in power output at AnT was observed in the LBCG condition (CONT: 245.9 ± 55.7 W; LBCG: 259.8 ± 44.6 W). Further, a possible practically significant improvement (78%:19%:3%;  2 = 0.6) was reported in muscle oxygenation economy (W·%mOxy −1 ) across the 1HTT (mOxy: CONT: 52.2 ± 12.2%; LBCG: 57.3 ± 8.2%). Conclusions: The present results demonstrated limited physiological benefits and no performance enhancement through wearing LBCG during a cycling time trial.
and may assist in injury prevention 5, 6 for athletes. The proposed mechanisms associated with wearing CG responsible for these benefits appear to be related to circulatory enhancements. 3 Graduated CG provide varied levels of pressure across specific body segments with the compressive forces typically decreasing from the distal to proximal portions of isolated limbs. The pressure gradient applied by CG has been suggested to improve both venous blood flow and venous return. 7, 8 The increased venous flow may increase preloading of the heart during diastole, and result in stronger ventricular contractions through increased stretching of cardiac muscle tissue. This may lead to consequent increases in stroke volume and cardiac output via the Frank-Starling mechanism. 9 Researchers have proposed that this sequence of circulatory events may result in improved endurance performance with wearing CG 3 ; however, this relationship remains largely unsubstantiated.
Previously, the limited available CG research has largely focused on physiological and performance responses during endurance running. [10] [11] [12] These studies have shown CG to offer beneficial metabolic responses, 11 but no performance improvements. 10, 12 However, lower-body CG (LBCG) were recently observed to significantly enhance running economy during submaximal exercise in six trained runners. 11 It was reported that participants wearing LBCG had a significantly (P < .05) lower aerobic energy cost compared with loose-fitting shorts when running at 12 km·h −1 for a three-minute period. The researchers hypothesized that improvements in circulation and reductions in muscle oscillation may have promoted the observed economy improvements; however, these claims were not supported by empirical data.
When examining endurance running performance, LBCG have been observed to offer no significant benefits. Recent research demonstrated knee-length LBCG to exert no significant changes in 10-km running time in fourteen well-trained endurance athletes. 10 Furthermore, earlier work reported full-length LBCG to produce a significant (P < .05) 31-s detriment in 5-km run time in ten high-performance male endurance runners. 12 It was suggested that the decrease in running performance was a result of reductions in stride length due to a restricted range of motion from the compressive forces of the LBCG.
Despite these observations, the use of CG among endurance athletes during training and performance remains popular. Furthermore, the effects of CG during non-running-based endurance activity, such as cycling, remain uninvestigated. Given the previously reported detrimental performance responses with CG during endurance running, it is hypothesized that wearing CG during endurance cycling will not elicit any beneficial changes in performance. Therefore, the purpose of the current study was to investigate the effects of wearing LBCG on physiological and performance responses during endurance cycling.
Methods

Participants
Twelve well-trained male cyclists ([mean ± SD] age: 20.5 ± 3.6 years; height: 177.5 ± 4.9 cm; body mass: 70.5 ± 7.5 kg; maximal aerobic power (V O2max ): 55.2 ± 6.8 mL•kg −1 •min −1 ) participated in the current study. All participants were competitive cyclists performing at least 300 km of cycling per week. Before testing, each subject was informed of the procedures and provided their written consent. Participants were also screened for any medical contraindications that may have excluded them from participation. All research practices were granted approval by the Central Queensland University Human Ethics Committee.
Compression Garments
The LBCG used were unisex full-length CG (SportSkins Classic, Skins, Campbelltown, NSW) comprised of 76% Nylon and Meryl Microfiber and 24% Roica Spandex. Each garment was custom-fit using a mathematical algorithm provided by the manufacturer and based on subject stature and body mass. The LBCG covered the lower limb from the superior aspect of the medial malleolus of the ankle to the superior aspect of the iliac crest. The LBCG were hypercompressive with the fabric expanding to almost 100% of body dimensions while exerting graded compressive forces on the underlying musculature. Compression over the musculature was measured using a Kikuhime pressure monitor (TT MediTrade, Sorø, Denmark). The LBCG exerted average pressure levels of 9.1 ± 2.2, 14.9 ± 2.3, 17.3 ± 3.0, and 19.5 ± 3.4 mmHg over the main body of the posterior gluteus maximus, vastus lateralis, medial gastrocnemius, and medial ankle, respectively ( Figure 1 ). The control condition involved the use of regular, loose underwear briefs (Brief Cotton, Jockey International, Australia), with minimal compression applied over the leg musculature.
Exercise Testing
Throughout the testing procedures, all participants were instructed to maintain their regular training regimen and eat a high-carbohydrate diet. Participants were required to maintain training and diet diaries to ensure that these factors were standardized across the testing duration. All exercise testing sessions were separated by at least 48 h and were performed at the same time of day to avoid circadian variances. Participants were asked not to perform high-intensity training in the 24-h period before testing. All exercise testing was completed on an electromagnetically braked cycle ergometer (Excalibur, Lode, Groningen, The Netherlands). During test familiarization, each cyclist's position was matched to their own personal bicycle configuration. Participants wore their own cycling shoes and cleats throughout all exercise testing. Participants were required to maintain a cadence of between 90 to 100 RPM. All tests were completed within standardized laboratory conditions (22 ± 2°C and <70% relative humidity). In a randomized controlled manner, participants completed two stepwise incremental tests on separate occasions to determine anaerobic threshold (AnT) and V O2max with and without LBCG. Randomized repeat 1-h time trials (1HTT) were also performed under each condition on separate days to quantify endurance cycling performance.
Incremental Test
Participants randomly completed two stepwise incremental tests to determine AnT and V O2max in the control and LBCG conditions. Before each incremental test, participants performed a warm-up of 3 min at 100 W and a further 2-min warm-up at a self-selected power output (PO). The incremental test commenced at 100 W, and resistance was increased by 50 W every 3 min. 13 Attainment of V O2max was determined using previously established criteria, 14 which involves the attainment of a plateau in V O2 (increase < 2 mL•kg −1 •min −1 ) despite an increase in work load, or observation of any two of the following: (1) volitional exhaustion; (2) attainment of age-predicted maximal heart rate (HR; 220 − age; ± 10 b•min −1 ); or (3) Respiratory Exchange Ratio value ≥ 1.15. We defined V O2max as the highest 30-s rolling average of oxygen consumption observed at the completion of the test. We calculated AnT as the PO where the [BLa − ] was equal to 4 mmol·L −1 .
One-Hour Time Trial
Participants performed randomized repeat 1HTT in both the control and LBCG conditions. Participants undertook a 5-min warm-up at 100 W and then a further 2 min at self-selected variable PO. The PO for each subject was initially set at their condition-specific PO at AnT from the previous incremental tests. Participants were free to self-select the PO during the 1HTT using a custom-made electronic switch integrated to the ergometer control box. Participants were instructed to hold the highest PO possible while maintaining a cadence between 90 to 100 RPM throughout the 1HTT.
During the 1HTT, PO (W), cadence (RPM), and cumulative work (kJ) were recorded at 1 Hz using custom-written Labview software (National Instruments, Austin, TX) on a personal computer connected to the ergometer control box. Absolute and relative measures of mean power, peak power, and total work were taken as measures of performance. The technical error of measurement (TEM) and percentage technical error of measurement (TEM%) for mean power (TEM: 7.93 W; TEM%: 4.61%) and total work (TEM: 1.492  10 4 J; TEM%: 0.01%) were acceptable within this laboratory. Furthermore, cycling economy was calculated and defined as units of power output (W) per milliliter of oxygen consumed (mL O 2 •kg −1 •min −1 ) across the 1HTT. 15 To minimize the effects of body temperature increases on circulatory responses, a mechanical fan (Coral Breeze, China) was placed directly posterior to the participants with a constant wind speed during the 1HTT for all participants.
Physiological Measures
Blood Lactate. Blood lactate concentration ([BLa − ]) was determined using capillarized blood samples drawn from hyperemic fingertips. Samples were drawn into 30-L heparinized capillary tubes (Bacto Laboratories, Liverpool, NSW) and measured using an Accusport Lactate Analyzer (Boehringer, Mannheim, Germany). The blood samples were taken during the last 30 s of every work stage during the incremental tests and each 15 min during the repeat 1HTTs.
Heart Rate. Heart rate (HR) was continually recorded at 5-s intervals throughout all exercise testing using a Polar s610i HR monitor (Polar Electro, Oy, Kempele, Finland). Heart rate data were downloaded to a personal computer for posttesting analysis using Polar Precision Performance Software v4.0 (Polar Electro).
Expired Gas Analysis. Expired gas measures were continuously measured throughout the incremental tests and during the final 5 min of every 15-min period across both 1HTT. Breath-by-breath analysis of expired gas measures were performed using a Medgraphics CPX/D system (Medgraphics, St. Paul, MN). Expired gas was collected using a preVent pneumotach (Medgraphics) and transported through sample lines, where O 2 and CO 2 concentrations were measured by highresponse analyzers (O 2 : Zirconia [<80 ms; ± 0.03% O 2 ]; CO 2 : infrared absorption [<130 ms; ± 0.05% CO 2 ]). Participants wore a mouthpiece with saliva trap and nose clip during all respiratory gas testing (Medgraphics). Before each test, the preVent pneumotach was calibrated with a 3-L syringe (Medgraphics) and the analyzers calibrated with gases of known concentrations according to the manufacturer's instructions. The reliability of expired gas measures at V O2max is adequate for the testing laboratory (TEM: 0.21 L•min −1 ; TEM%: 5.25%).
Near-Infrared Spectroscopy. Muscle oxygenation (mOxy) of the vastus lateralis was continuously monitored across all exercise testing using a custom-modified Runman near-infrared spectroscopy (NIRS) system. The NIRS probe consisted of six light filament bulbs, two optical filters at 760 (760fs10-12.5; Andover Corporation, Salem, NH) and 850 nm (850fs10-12.5; Andover Corporation), and two photodetectors (OPT301, Burr-Brown, Dallas, TX). The probe determined relative changes in oxyhemoglobin (HbO 2 )/oxymyoglobin (MbO 2 ) and hemoglobin/myoglobin concentrations during exercise testing.
The distance diodes and photodetectors were positioned 4 cm apart, throughout all testing. The probe was positioned 14 cm from the lateral-superior border of the patella and placed over the belly of the v. lateralis. Before application of the probe, skinfold thickness was measured using Harpenden skinfold calipers (John Bull Instruments, UK) to the nearest 0.1 mm to ensure the signal was not distorted by excessive subcutaneous adipose tissue (8.6 ± 1.5 mm). Before probe placement, the site was shaved and a clear Opsite (Smith & Nephew, London, UK) dressing was placed on the skin underneath the photodetectors to prevent signal distortion from sweat accumulation. Once positioned, the probe was taped to the leg and securely bandaged with a dark cloth to prevent movement and ensure no visible light was detected by the photodetectors. Minimal compressive forces were applied to the thigh by the bandage to ensure the compression of the LBCG was being isolated. All leads were secured using tape to reduce any movement artifact.
The NIRS device was interfaced with a Labview NI DAQPad-6015 A/D card (National Instruments), and recorded at 1 Hz. Custom-written Labview software (National Instruments) was used to display and record both the 760-and 850-nm signals during testing. Muscle oxygenation was calculated as the difference between the signal at the 760-and 850-nm wavelengths. Normalization of the NIRS system was performed immediately before each exercise test at both the 760-and 850-nm wavelengths. During normalization, the mOxy signal was manually adjusted to 0 ± 0.01 mV to ensure changes in mOxy were relative to this point. Each wavelength had variable gain and was preamplified using instrumentation amplifiers. All calibration procedures were performed with the subject in the seated position on the ergometer, with their right leg at the bottom of the crank cycle. During calibration, all NIRS signals were stabilized for at least 30 s before testing.
Cuff ischemia was undertaken after a 5-min recovery period to maximally deoxygenate and oxygenate the v. lateralis to provide an ischemic-hyperemic scale. It involved the rapid inflation of a thigh cuff above the probe to 240 mmHg to apply suprasystolic pressure. The pressure was maintained until the mOxy signal had reached a nadir for approximately 30 to 60 s, whereupon the cuff was rapidly released to induce a hyperemic response. The nadir value of the mOxy signal was taken as 0% oxygenation, whereas the peak hyperemic response was taken as 100% oxygenation. All successful mOxy values derived from testing were normalized within this scale as a percentage. The reliability of mOxy measures at V O2max is adequate for the current testing laboratory (TEM: 3.8%; TEM%: 10.8%).
To calculate muscle oxygenation economy throughout the 1HTT, the mean mOxy (%) across each 15-min interval and the entire time trial was subtracted from 100 to determine the mean percentage of O 2 used within the muscle. Mean power output for each time period was then divided by the corresponding percentage of O 2 used (W•% −1 ). The formula used was MOE (t) (%) = [PO (t) / (100 − mOxy (%) (t) )]
where MOE = muscle oxygenation economy, (t) = specified time period, PO = mean power output, and mOxy = mean muscle oxygenation.
Statistical Analysis
Means and standard deviations were calculated for all descriptive physiological and performance measures. To reduce the likelihood of a Type I error, a Greenhouse-Geisser adjustment was completed to ensure the sphericity of all measures. The continuous variables were examined using a Kolmogorov-Smirnov test of homogeneity to ensure that all data were normally distributed.
Magnitude-based inferences were used to identify practically significant differences between conditions for each physiological and performance response measured during the incremental test and 1HTT. 16 All magnitude-based inferences were performed using Microsoft Excel (Microsoft Corporation, Redmond, WA). The magnitude of the observed differences across conditions and time was quantified using effect size statistics ( 2 ) as previously described, 17 where 0.6, 1.2, and 2.0 are representative of moderate, large, and very large effects, respectively. Confidence limits for the true mean values of effects were estimated with the unequal-variances statistic computed between the control and LBCG conditions. The uncertainty in the estimate of the true mean change was presented as 95% confidence intervals. The uncertainty in the effects of CG on the physiological and performance responses was calculated with the likelihood that the true effects were practically beneficial, neutral, or harmful for the smallest worthwhile change as previously used. 18 The smallest worthwhile change for the performance variables of interest in the current study was approximately equal to the typical error of measurement of the 1HTT test that was used. 19 To assess the probability that the effects for the physiological variables investigated in the current study were practically significant, the smallest worthwhile changes were calculated as one-fifth of the between-subject standard deviation for each condition. 19 
Results
Incremental Test
The physiological and performance results from the repeat incremental tests are presented in Table 1 . No practically significant differences were observed in any physiological measure or V O2max between the control and LBCG conditions. However, PO at AnT was likely (86:12:2%;  2 = 0.6) to be greater in the LBCG compared with the control condition. The relative power output at AnT in the LBCG condition was also likely to be greater (78:19:3%;  2 = 0.6) in the LBCG condition. The mean [BLa − ] curves in both conditions are presented in Figure 2 . 
One-Hour Time Trial
The discontinuous and mean physiological and performance measures across the 1HTT are presented in Table 2 . No practically significant differences were observed between conditions in any of the performance variables measured. However, the LBCG condition demonstrated likely practically greater cycling efficiency was observed within the LBCG condition across the first 15-min period of the 1HTT when compared with the control condition (81:15:4%;  2 = 0.6). Furthermore, a possibly higher mean mOxy was observed within the LBCG across the entire time trial (62:28:10%;  2 = 0.6). A representative graph showing changes in mOxy data in both the control and LBCG conditions across the 1HTT is shown in Figure 3 .
Discussion
The current study is the first to investigate the effects of wearing LBCG on physiological and performance responses during endurance cycling.
Effects of LBCG During the Incremental Test
Wearing LBCG produced likely practically significant improvements in both relative PO at AnT (4.2%) and absolute PO at AnT (5.7%). This benefit is most likely due to the proposed circulatory improvements associated with wearing LBCG. 3 The increase in PO at AnT may be related to an increased venous return and higher rate of lactate removal and metabolism in nonworking tissue that has previ- [La − ] = lactate concentration; HR = heart rate; V O2 = oxygen consumption; mOxy = muscle oxygenation; MOE = muscle oxygenation economy; WO = work output; MPO = mean power output; PPO = peak power output.
ously been suggested to occur with wearing CG. 3, 20 Earlier research has reported that LBCG significantly enhance venous blood flow, suggesting an increase in the transport of deoxygenated blood and lactate toward central portions of the body. 7, 21 Enhancements in the transport of metabolic by-products such as lactate to nonworking muscles can increase its oxidation and removal from the working muscles and circulatory system. 3, 21 As such, LBCG may help to sustain anaerobic metabolism during high-intensity exercise through an increased rate of lactate clearance, delaying the onset of muscular fatigue that accompanies anaerobic activity. This mechanism was supported with the observation of a lower [BLa − ] across the incremental test with LBCG in the current study (see Figure 2) . The observed rightward shift in PO at AnT with the LBCG suggests that there is potential for improved endurance performance, given the previously established strong relationship between PO at AnT and endurance cycling performance. 22, 23 Despite the improvement in AnT with LBCG, no such effect was evident on V O2max , which has also previously been reported to be strongly related to endurance cycling performance. 22, 24 The present results support previous data reporting lycra-based LBCG to have no effect on V O2max . 6 Bernhardt and Anderson 6 suggested that the multidirectional compression exerted by the LBCG was inadequate to elicit changes in blood flow substantial enough to improve V O2max . However, despite the claims by these researchers that circulatory benefits should increase V O2max , previous researchers have observed that increases in arterial/venous blood flow do not significantly increase V O2max . 25, 26 Furthermore, no changes in mOxy at AnT or V O2max were observed in the current study, suggesting that LBCG have no effect on endurance athletes' aerobic capacities.
Effects of LBCG on 1HTT performance
The present data demonstrated no practically significant changes in any performance measure across the 1HTT when wearing LBCG. However, a likely practical improvement in cycling economy during the first 15-min period of the 1HTT was observed with LBCG. Similar responses with CG have been reported to occur during endurance running. 11 Recently, researchers have reported that wearing LBCG increased running economy (mL O 2 •kg −1 •min −1 •km −1 •h −1 ) during a 3-min task at a given submaximal workload of 12•km −1 •h −1 . 11 The researchers proposed that reductions in muscle oscillation and improvements in venous return and lactate removal were responsible for this improvement in economy. The current study observed similar acute metabolic responses during endurance cycling, which warrants the need for further investigations into the effects of CG on muscle oscillation, venous return, and lactate removal and, subsequently, economy of effort. 11 Furthermore, a possible practically greater mean mOxy was sustained across the 1HTT in the LBCG condition compared with the control condition. Previous work has demonstrated LBCG to increase the utilization of O 2 within working muscles during walking exercise. 27 The results of the current study suggest that LBCG facilitated less O 2 utilization within the working musculature, as shown by a higher level of mean mOxy across the 1HTT. Given that PO sustained during the cycling 1HTT was similar between conditions, it may be suggested that the LBCG facilitated an increase in muscle oxygenation economy as defined by a higher power (W) / O 2 utilization (%) ratio (LBCG: 5.8 W·% −1 ; CONT: 5.1 W·% −1 ) in the LBCG condition. Previously, CG have been hypothesized to increase O 2 delivery to the working muscles and subsequently facilitate greater O 2 utilization. 27 The difference in mOxy observed in the current study suggests that LBCG may have increased muscle oxygenation economy rather than O 2 utilization within the active tissue. This observed improvement in muscle oxygenation economy offers potential benefits for endurance events that may be of longer duration and lower intensity and future research should investigate this possibility.
To date, no research has investigated the effects of LBCG on endurance cycling performance. The current study observed no improvements in performance across a 1HTT in a group of well-trained male cyclists. Previous investigations have reported detrimental results when examining the performance effects of LBCG during endurance running. 10, 12 Investigators have observed LBCG to have no significant effects on 10-km running time in 14 young male athletes. 10 Furthermore, earlier research observed a significant 31-s longer 5-km run time in ten runners when wearing LBCG. 12 Chatard 12 suggested that this response was related to a decreased stride length as a result of the elastic nature of the garment, limiting excessive knee extension during the swing phase of the running cycle. Due to the previously established biomechanical and muscle recruitment differences between the cycling and running modalities, 28, 29 this is unlikely in the current observations.
The current study identified two major factors within CG research that most likely influenced the current observations and definitely require further investigation. Firstly, no research has investigated the critical level of compression that is required to maximize the physiological and performance effects proposed with wearing CG. The compression of the LBCG used in the current study may have not been great enough to elicit maximal physiological and performance benefits. Secondly, no research to date has compared the differences in physiological and endurance performance responses between whole-body and lower-body compression. During cycling at intensities above 60% V O2max , the lower body has been reported to receive as much as 70% of total cardiac output and the upper body up to 30%. 30 Therefore, whole-body compression is likely to have a greater circulatory effect by acting on a greater proportion of the body, which could translate into greater improvements in endurance cycling economy.
Practical Applications
No previous research has investigated the effects of wearing CG on endurance cycling performance. The current observations suggest that LBCG offer no performance benefits during endurance cycling. However, the present data demonstrated that wearing LBCG facilitates two physiological benefits during incremental and high-intensity steady-state exercise. Firstly, the increase in PO at AnT (CONT: 245.9 ± 55.7 W; LBCG: 259.8 ± 44.6 W) suggests that the blood lactate production-to-clearance ratio is changed through wearing LBCG during cycling. This appears likely to be an energetic factor in terms of either efficiency or an increased oxidation of lactate within nonworking muscle. In support, improvements in cycling economy (CONT: 5.4 ± 0.8 W•mL O 2 −1 ·kg −1 ·min −1 ; LBCG: 5.9 ± 0.8 W•mL O 2 −1 ·kg −1 ·min −1 ) and muscle oxygenation economy (CONT: 5.1 ± 1.2 W•%mOxy −1 ; LBCG: 5.8 ± 1.9 W•%mOxy −1 ) were observed, suggesting LBCG may enable endurance cyclists to preferentially use oxidative energy sources at a performance level. These observations suggest that LBCG may delay the onset of fatigue and thus prolong optimal performance for well-trained endurance cyclists.
Conclusions
The current study demonstrated that wearing LBCG had no effects on endurance cycling performance across a 1HTT. However, LBCG were observed to elicit likely practically significant improvements in PO at AnT during an incremental test and possible practically significant increases in muscle oxygenation economy during a cycling 1HTT. The most plausible mechanism behind these practical benefits is improved circulation within the compressed tissue. However, future research should specifically investigate this hypothesis.
